In this letter we investigate the effect of boxy/peanut (b/p) bulges on bar-induced gas inflow to the central kiloparsec, which plays a crucial role on the evolution of disc galaxies. We carry out hydrodynamic gas response simulations in realistic barred galaxy potentials, including or not the geometry of a b/p bulge, to investigate the amount of gas inflow induced in the different models. We find that b/p bulges can reduce the gas inflow rate to the central kiloparsec by more than an order of magnitude, which leads to a reduction in the amount of gas available in the central regions. We also investigate the effect of the dark matter halo concentration on these results, and find that for maximal discs, the effect of b/p bulges on gas inflow remains significant. The reduced amount of gas reaching the central regions due to the presence of b/p bulges could have significant repercussions on the formation of discy-(pseudo-) bulges, on the amount of nuclear star formation and feedback, on the fuel reservoir for AGN activity, and on the overall secular evolution of the galaxy.
INTRODUCTION
Non-axisymmetric structures such as bars -which are found in about two thirds of disc galaxies in the local universe (Eskridge et al. 2000; Menéndez-Delmestre et al. 2007; Aguerri et al. 2009; Gadotti 2009; Buta et al. 2010 Buta et al. , 2015 -are thought to be the main driver of the secular phase of galaxy evolution. They induce torques which force the gas to shock, subsequently losing angular momentum and funneling to the centre. This contributes to shaping the central regions of disc galaxies by creating discy-pseudobulges (Kormendy & Kennicutt 2004; Athanassoula 2005) , triggering nuclear star formation (Ellison et al. 2011 ) and feedback, and possibly fuelling AGN activity (Shlosman et al. 1990; Coelho & Gadotti 2011; Emsellem et al. 2014) .
Boxy/peanut/X-shaped (b/p) bulges (also referred to as boxy/peanuts, or b/ps) are structures which extend out of the plane of nearly half of all edge-on disc galaxies in the local universe (Lütticke et al. 2000) . Numerical simulations and orbital structure analysis have shown the intimate link between bars and b/ps, by demonstrating that b/ps are caused by vertical orbital instabilities in bars, which cause the bar to puff out vertically from the disc (e.g. Binney 1981 ; E-mail: francesca.fragkoudi@obspm.fr Pfenniger & Friedli 1991; Skokos et al. 2002) and that once a bar forms a b/p bulge will form soon after (e.g. Combes et al. 1990; Martinez-Valpuesta et al. 2006 .) For reviews on these topics the reader is referred to Athanassoula (2008 Athanassoula ( , 2016 and references therein. Additionally, kinematic studies of edge-on barred galaxies and b/ps also confirm the connection between the two structures Chung & Bureau 2004; Bureau & Athanassoula 2005 , and references therein). Furthermore, photometric and kinematic studies have shown that the bulge of our own Milky Way also contains such a b/p (Weiland et al. 1994; Howard et al. 2009; Ness & Lang 2016) , and indeed recent results suggest that the main component of the Milky Way bulge is the b/p, with little room left for a massive classical bulge (Shen et al. 2010 Wegg & Gerhard 2013; Di Matteo et al. 2014) .
Although the effect of bars on gas inflow has been extensively examined in the literature (e.g. Athanassoula 1992b; Piner et al. 1995; Regan & Teuben 2004; Kim et al. 2012; Li et al. 2015) , a study of the effects of the b/p geometry on the gas inflow has not -until present -been carried out. Recent work on the effects of b/p bulge geometry on galaxy models showed that b/ps have a significant effect on the bar strength and orbital structure of barred galaxies, and as such hints at the possible effect these structures could have arXiv:1606.04540v1 [astro-ph.GA] 14 Jun 2016 on the gas inflow (Fragkoudi et al. 2015) . A detailed study of the effect of b/ps on the gas dynamics of spiral galaxies is therefore needed, if we are to fully understand the effects of secular evolution on gas transportation to the centre.
As bar-induced disturbances are due to a non-linear response of the gas to the gravitational potential, they are best studied using numerical techniques, such as hydrodynamic simulations. We therefore carry out hydrodynamic gas response simulations in models with and without b/ps, but which are otherwise identical, in order to examine the effects of b/ps on the gas inflow to the central kiloparsec.
1 In Section 2 we present the models used in this study, in Section 3 we present the results, and in Section 4 we summarise and give some concluding remarks.
THE SIMULATIONS
We construct realistic potentials of a barred galaxy from near-infrared (NIR) images of NGC 1291 -an early type S0/a barred galaxy -taken from the S 4 G survey (Sheth et al. 2010 ) in which we run hydrodynamic gas response simulations (see Figure 1) . NIR images are best suited for obtaining the potential of galaxies, since they trace the old stellar population, where most of the stellar mass of the galaxy is. We use NGC 1291 for this study, since it is a faceon barred galaxy and therefore we do not need to deal with deprojection effects. The bar has a semi-major axis of ≈5 kpc while the galaxy also has what appears to be a barlens, indicating the presence of a b/p bulge (Laurikainen et al. 2014; Athanassoula et al. 2015) . The models of NGC 1291 are obtained by assigning a Mass-to-Light ratio (M/L) = 0.6 M /L (Meidt et al. 2014; Röck et al. 2015; Querejeta et al. 2015) and then ascribing a height function to the model. We focus on three different models, one without a b/p, one with a weak and one with a strong b/p bulge. These models have a height function given by,
1 It is worth noting that we do not add any additional mass when modelling the b/p bulge; we simply redistribute the mass of the disc in a geometry representative of the b/p, thus changing the volume density of the model. Therefore, in what follows we interchangeably use the terms "geometry of the b/p bulge" and simply "b/p bulge". Figure 1 . Left: Gas surface density for model noBP, with a red line denoting a 1 kpc circle, within which we consider the gas inflow. Right: A zoom in of the region around 1.5 kpc. Figure 3 . The bar strength, as given by Q T -the maximum of the tangential forces divided by the azimuthal average of the radial forces -for some of the models considered here. We see that both adding a b/p bulge and adding a dark matter halo reduce the bar strength.
where z0 is the scaleheight. For the model without a b/p, (model noBP ) z0 is a constant, while for the models with a weak and strong b/p (dubbed weakBP and strongBP respectively) the scaleheight varies along the disc as the sum of two two-dimensional gaussians (see Figure 2 ).
These models all have an outer disc scaleheight of z0=0.8kpc; the weakBP and strongBP models have a peanut height function with a maximum scaleheight of the peanut of 1.45 and 2.1 kpc respectively. These values are chosen by fitting the height function to a N-body simulation of a barred galaxy containing a b/p (for more details on the height function and the N-body simulations the reader is referred to Fragkoudi et al. 2015 and Athanassoula et al. 2013) . It is important to emphasise that all the other parameters in the models are the same -the only difference between the models is the strength of the b/p. As can be seen in Figure 3 (solid curves), adding a b/p significantly reduces the bar strength given by QT (Combes & Sanders 1981; Buta & Block 2001) , i.e. the maximum of the ratio of tangential forces to azimuthally averaged radial forces (see also Fragkoudi et al. 2015) .
In Section 3.2 we add a dark matter halo to the models, in order to study the effect of the halo concentration on the results presented in this study. The dark matter halo is modelled as a pseudo-isothermal sphere and its parameters are adjusted such that the outer flat part of the rotation curve matches that predicted by the Baryonic Tully-Fisher relation for NGC 1291 (McGaugh et al. 2000; Zaritsky et al. 2014) . We consider two different cases: a model with a maximal disc and a non-concentrated dark matter halo (we use the maximal disc definition by Sackett 1997, i .e. the stellar rotation curve is 75±10% the total rotation curve at 2.2 disc scalelengths), denoted by MD, and a model with a submaximal disc and a concentrated dark matter, denoted by SMD. We see in Figure 3 (red curves) that adding a dark matter halo also decreases the bar strength of the models.
We run two-dimensional hydrodynamic simulations in all these potentials and examine the gas inflows to the central kiloparsec (see Figure 1) . The simulations are run with the adaptive mesh refinement code ramses (Teyssier 2002) . The initial conditions of all the simulations are an axisymmetric disc in hydrostatic equilibrium with the same mass as the non-axisymmetric model (i.e. the mass of the model is constant throughout the duration of the simulation). The non-axisymmetric component is introduced gradually, from 0.2 to 0.9 Gyr in order to avoid transients. The time over which the non-axisymmetric potential is grown, was found empirically as ∼3 bar rotations, which is enough in order to converge to a stable model, while not being excessively penalising in computing time; this is in accordance with previous studies (Athanassoula 1992b; Patsis & Athanassoula 2000) . The pattern speed is set such that the corotation radius falls just outside the bar semi-major axis. The gas is modelled as an infinitely thin disc of an isothermal perfect fluid with a sound speed of 10 km/s, which is a reasonable value for the interstellar medium of galaxies. The resolution of the simulation is 50 pc per grid size everywhere and the size of the box is 50 kpc per side. We carried out tests to examine the impact of increasing the resolution of the grid and found that the conclusions of the study remain the same.
RESULTS

The effect of b/p geometry on gas inflow
In Figures 4(a) and 4(b) we examine how b/p bulges affect the gas inflow rate and total gas mass in the central 1 kpc. In Figure 4 (a) we see that in the weakBP and strongBP models the inflow rate is significantly reduced compared to the . Gas inflow rate within 1 kpc for models with and without a dark matter halo. The thin red lines show the inflow rate for models noBP and the thick black lines show the inflow rate for models strongBP. Models without a halo, with a maximal disc and a sub maximal disc are shown with solid, dashed and dasheddotted lines, respectively. We see that there is a general trend for the inflow rate to reduce for more concentrated halos.
noBP model. Even after the bar growth period (indicated by the vertical red line), i.e. during the time when the bar rotates with constant strength, we find a considerable difference between cases with and without a b/p. By examining the bottom panel of Figure 4 (a) -where we show the relative difference in inflow rate between models noBP -weakBP (dashed line) and models noBP -strongBP (dash-dotted line) -we see that this difference in inflow rate can reach up to two orders of magnitude. This is related to the decreased bar strength in the models with a b/p bulge, as can be seen by comparing Figures 3 and 4(a) . A direct consequence of the reduced gas inflow rate is of course the reduced amount of gas mass which accumulates in the central kpc for models with a b/p, as can be seen in Figure 4 (b). It is worth noting that, as the simulations do not contain self-gravity, the amount of gas which arrives within the central kpc is proportional to the amount of gas in the initial setup. We therefore show the amount of gas within 1 kpc normalised by the surface density of the gas within 1 kpc at the start of the the simulation. As can be seen in the bottom panel of Figure 4 (b), the gas mass within 1 kpc is reduced by about a factor of 2 for the weakBP model at the time when the difference is maximum, while for the strongBP model the gas mass can be reduced by up to a factor 4.
When examining the inflow rate curve as a function of time in the noBP model (Figure 4(a) ) we see that the inflow rate first increases, and just before 0.8 Gyr it starts decreasing (while remaining positive). From test-simulations which we ran over 2.5 Gyr, we see that the inflow rate continues to decrease with time, despite the fact that the potential is the most non-axisymmetric after 0.9 Gyr. This presumably occurs due to the fact that, by 0.8 Gyr, a large fraction of the gas in the bar region has been transported to the centre and thus there is little gas left in the disc to maintain the previous high inflow rate. This hypothesis is strengthened by the fact that the curves of inflow rate for the three models peak at different times, with the models with a small inflow rate The gas inflow rate and total gas mass (normalised by the initial surface density) within a radius of 1 kpc as a function of time, for the three models as indicated in the inset. The bottom panels give the relative difference, i.e. abs((X noBP − X weakBP,strongBP )/X weakBP,strongBP ), between weakBP and noBP (dashed line) and strongBP and noBP (dot-dashed line), where X stands forṀ and M 1kpc . We see that the gas inflow rate and total gas mass in the models with the weak and strong b/p are considerably reduced compared to the model without the b/p bulge. Right: Toy model of gas inflow: the gas inflow rate in arbitrary units (solid) is obtained by multiplying the gas available in the bar region (dashed) with the bar strength (dot-dashed) times an arbitrary multiplicative constant. We see that the toy model approximately reproduces the curve for the gas inflow within 1 kpc. In all plots the vertical red line indicates when the non-axisymmetric potential has been fully introduced, at 0.9 Gyr.
(i.e. weakBP and strongBP ) peaking at later times than the curve with the high inflow rate (i.e. noBP ).
We further confirm this hypothesis by examining a "toy model" of the gas inflow rate for the noBP model, shown in Figure 4 (c). In this toy model, we assume that the gas inflow rate is proportional to the bar strength (times an arbitrary multiplication constant) × the gas mass available in the bar region. We see that the shape of the inflow rate in this toy model approximates quite well the inflow rate within 1 kpc in the full hydrodynamic simulation, thus confirming that the gas inflow rate decreases due to the decreased amount of gas available in the bar region.
The effect of the dark matter halo concentration
By adding a spherical dark matter halo to our models the potential becomes less non-axisymmetric, thus reducing the effect that bars and other non-axisymmetries have on the gas dynamics (see Figure 3) . To explore how much this would affect our results we examine two additional sets of models, with different dark matter halo concentrations. The first set of models, the maximal disc models (MD) have low concentration dark matter halos. The second set of models have sub-maximal discs (SMD) and more concentrated dark matter halos (see Figure 5 and Section 2). We see in Figure 6 that, as expected, the rate of gas inflow tends to be reduced in the cases with the dark matter halos, since the non-axisymmetric forces are weakened. Additionally, we see that the difference between the cases with and without a b/p is also reduced (this can be best seen by examining the models with a concentrated dark matter halo, labeled SMD in Figure 6 ). For the maximal disc setups (labeled MD in Figure 6 ) the difference between models with and without a b/p, remains significant. Therefore, for the M/L employed in this study (0.6 M /L ), which leads to a maximal disc, the dark matter halo does not have an important effect on the gas inflow, and therefore the effect of the b/p bulge on the gas inflow rate remains significant. In general, for massive high surface brightness galaxies -which are expected to have maximum discs -the effect of the b/p bulge will be significant.
CONCLUSIONS
In Fragkoudi et al. (2015) we found that b/p bulges have a significant effect on models of barred galaxies, i.e. they reduce the bar strength of the model, and alter the orbital structure of the galaxy. Since the properties of periodic orbits in barred galaxies are tightly related to the gas flows (Athanassoula 1992a,b) , this already hinted at the effect that b/ps would have on the gas inflow. To explore this in detail, here we examine the effects of b/p bulges on the gaseous inflow to the central kiloparsec of barred galaxies, using hydrodynamic simulations. These were run using realistic potentials of a barred galaxy, where the only difference between the models is the presence or not of a b/p bulge.
We find that both for the weak and strong b/p setups, the rate of gas inflow to the central kiloparsec is reduced by 1-2 orders of magnitude. This leads to a significant reduction (of up to a factor 4) of the total gas mass present inside this radius.
We also examined the effect of adding a dark matter halo to the models, in order to check whether adding an axisymmetric component would significantly alter the conclusions. For models with maximal discs, the presence of a dark matter halo does not significantly change the results, since the baryonic matter dominates in the central regions. For models which have a sub-maximal disc -and therefore a more concentrated dark matter halo -the gas inflow to the central regions of the galaxy is reduced for all models, i.e. those with and without b/ps.
The reduction in gas inflow rate due to the presence of a b/p bulge, which will take place after the bar has formed, could have a number of effects on the evolution of the galaxy. One potential effect is the reduction of the fuel reservoir for AGN activity; indeed, this could be a step towards explaining results in the literature which do not find a significant correlation between bars and AGN activity (e.g. Lee et al. 2012; Cisternas et al. 2013; Cheung et al. 2015 , but see also Knapen et al. 2000; Laine et al. 2002; Laurikainen et al. 2004; Oh et al. 2012 ), although it is of course important to remember that other processes can affect this, such as physical processes occurring near the black hole.
Additionally, the lower gas density in the central kiloparsec could also have an impact on the mass of discy bulges formed via the bar instability, on the amount of central star formation, stellar feedback and outflows, and on the overall secular evolution of disc galaxies.
